The nature of Eu incorporation and resulting luminescence efficiency in GaN has been extensively investigated. By performing a comparative study on GaN:Eu samples grown under a variety of controlled conditions, and using a variety of experimental techniques, the configuration of the majority site has been concluded to contain a nitrogen vacancy (V N ). The nitrogen vacancy can appear in two symmetries, which has a profound impact on the luminescence and magnetic properties of the sample. The structure of the minority site has also been identified. We propose that, for both sites, the excitation efficiency of the red Eu emission is improved by the presence of donor-acceptor pairs in the close vicinity of the Eu. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
In order to realize an all solid state white light source monolithically integrated in V/III nitride semiconductor materials, a method to realize efficient red emission is required. Doping with fluorescent ions is one approach. In this regard, the rare earth ion Europium (Eu) has consistently been the most promising candidate as a dopant in the active layer for a red, GaN based, LED due to the sharp 5 D 0 to 7 F 2 transitions around 620 nm. The efficiency of room temperature red LEDs, and other electroluminescence devices, which contain GaN:Eu as active layers, has improved exponentially over the last few years. [1] [2] [3] [4] While the optical and magneto-optical properties of this system have been extensively studied, information on the nature and structure of the incorporation environments of Eu in GaN is still incomplete. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In early samples, as many as eight incorporation sites have been identified in GaN:Eu, grown by organometallic vapor-phase epitaxy (OMVPE). 17 However, it has been determined that two of these sites, commonly referred to as Eu1 and Eu2, represent roughly 85-95% of the overall Eu incorporation in GaN, and play the largest role in the luminescence properties of the system. [16] [17] [18] More specifically, it has been determined, using combined excitation emission spectroscopy (CEES) under direct resonant excitation, that Eu1 is the majority center, which accounts for between 80% and 90% of the Eu incorporation in GaN:Eu. 17 The ability of a Eu ion to be excited after excitation of the host material, during electron hole pair (EHP) recombination, however, strongly depends on the particular Eu site, and, for this, Eu2 was previously considered to be significantly more efficient. It has been suggested that Eu2 is an unperturbed site with high C 3v symmetry, and that Eu1 is also a center with high C 3v symmetry that may contain a V N , however, this has not been investigated systematically. [16] [17] [18] More importantly, previous studies have given rather vague arguments for inclusion of the V N for Eu1 and neglect the influence that such a defect would have on the optical properties of the center, which has ultimately led to its incorrect classification as a center with high C 3v symmetry.
In regards to excitation efficiency, Poplawsky et al. have shown that not all Eu1 centers can be excited by electron hole pairs. 19 They propose that Eu1 can exist in two forms, where one can be excited by (e-h) pairs and one cannot be. While this is an important observation, the questions of how the two complexes differ at an atomistic level or how the formation of the efficient Eu1 centers can be enhanced, were not addressed. Another study demonstrated that co-doping with Mg lead to the formation of a center, which has an excitation and emission spectrum identical to Eu1, but with a higher excitation efficiency. 20 The proposed mechanism was a donoracceptor pair (DAP) consisting of the Mg and a V N that effectively captures and transfers energy to the Eu. Similarly, it was reported that Mg and Si co-doping led to the creation of a new center in GaN:Eu, with an enhanced excitation efficiency. 21, 22 Mishra et al. also suspected that this enhancement was due to a DAP consisting of a Mg and Si. 22 In this paper, the first spectroscopic evidence for the presence of a V N in the local structure of the majority site (Eu1), along with the consequences of this assignment, is presented (Sec. III). We also propose a more general and comprehensive model that the dominant excitation mechanism responsible for all Eu center types in GaN is governed by the presence of a localized donor-acceptor pair. We believe that this model extends to all co-doped systems including Mg and Mg-Si. Utilizing this new model, we demonstrate the possibility to increase the excitation efficiency of the Eu1 type center, under certain growth conditions, and further use it to explore the structure and high excitation efficiency of Eu2 (Sec. V).
II. METHODOLOGY
The samples used in this study were all grown on sapphire (0001) substrates by OMVPE (Taiyo Nippon Sanso By comparing samples grown on sapphire vs bulk GaN substrates, it was determined that the bi-axial strain and threading dislocations, introduced by the lattice mismatch with the sapphire substrate, resulted in a % 0.3 meV red shift of the emission energies. 23 All epitaxial-layers studied in this work were grown on sapphire substrates, and so are under strain, despite being grown on a GaN buffer layer. The threading dislocation density for these samples was estimated, by atomic force microscopy, to be%1 Â 10 8 cm
À2
. 23 Furthermore, doping with Eu does introduce additional strain into the system, however, the effects are considered negligible for our studies, as no spectral shifts were observed between samples with variations in Eu concentration. For further details on growth techniques and conditions, see Refs. 3, 4, 23, and 24. In order to explore the spectroscopic properties of the samples, a tunable dye laser, using Rhodamine 6G, and with an output power of % 80 mW, was used for resonant excitation, and a 325 nm He-Cd laser was used for above band gap excitation (UV). The samples were mounted inside a liquid helium cooled Oxford cryostat and cooled to 5 K using a copper cold finger. All spectra were collected using a 0.5 m spectrograph equipped with a charge coupled device (CCD) camera. To explore the relative ratios of incorporation centers and to distinguish the formation of new centers, we use the technique of combined excitation emission spectroscopy (CEES) in which the various centers are excited selectively by tuning the laser to their respective resonance. Details about this technique and more results applying it to GaN:Eu can be found elsewhere. 17 Note: While our measurements were performed at low temperatures to allow for the isolation of each incorporation center, the relative emission intensities between samples, as a result of indirect excitation, are consistent with that observed at room temperature. We do observe a common thermal quenching as the temperature is raised from 5 K to 293 K, 4, 21, 24 which leads to a % 75-85% reduction of integrated intensity for GaN:Eu, and a % 40% reduction for GaN:Eu, Mg samples.
A Janis magnetic cryostat (capable of magnetic fields of up to 9 T) was used to perform all magneto-optical studies. A confocal microscope was built to fit into the cryostat, and the samples were cooled to roughly 30 K by contact with a liquid helium reservoir. In our studies, we used magnetic fields of 6 T and mounted the samples to allow for fields to be applied both parallel and perpendicular to the c-axis. Piezo-electric stages, which allow for fine movement of the samples within the cryostat, were required to ensure optimized excitation of the thin active layers. The emission was polarized using linear polarizers, coupled into a multi-mode fiber and collected by a CCD camera.
III. IDENTIFICATION OF THE STRUCTURE OF THE MAJORITY SITE (Eu1)
In order to clarify the structure of the Eu1 majority center, we exploit the selection rules for different electric and magnetic dipole transitions in polarization dependent emission spectra. For a center with perfect C 3v symmetry, group theory predicts that three emission peaks should exist for transitions from a level that has J ¼ 0 ( 5 D 0 ) to one with J ¼ 2 ( 7 F 2 ), where two peaks result from both p and r polarized dipole transitions, and one that only exhibits a p polarized dipole transition. Two of these peaks are expected to split under the application of a magnetic field parallel to the c-axis. This would mean that the emission spectra from the majority center should only contain two peaks when a detection geometry (e.g., excitation and emission detection along z-axis) is used for which only r-polarized emission can be detected. However, as shown in Fig. 1 , three peaks are observed. From sample to sample, the relative intensities of two of the peaks remain constant, but the third peak exhibits different shapes and strengths. This suggests that we are dealing not with a single center type, but with at least two centers that are similar in nature and hence can be excited at the same resonant energy.
The presence of a V N can easily explain the existence of two relatively similar center types as for a Eu-V N defect configuration, two different arrangements with different site symmetries are possible (see Fig. 2 ). Multiple theoretical studies have suggested that a configuration of a RE ion near a V N is energetically favorable and can form in two configurations. [25] [26] [27] The first possibility, where the V N sits axially above the Eu, is still C 3v , and the second, where the Eu sits at one of three equivalent, off center, positions, is C 1h . According to group theory, for a Eu center with C 1h symmetry, the degeneracy of the 7 F 2 would be completely
Comparison of the p-and r-oriented optical spectra for a sample with a low V/III (a) and a high V/III ratio (b). In going from low to high V/III, the p-component of peaks 1 and 2 as well as peak 4 increase relative to peak 3, but the relative intensity of peak 6 to peak 3 remains constant.
lifted and hence five emission peaks would be expected for transitions from 5 D 0 to 7 F 2 . Three of these peaks would be r-polarized, and two would be p-polarized.
A. Polarization dependent emission spectra
To explore the validity of this center model, we studied the polarization dependence of the emission spectra, for which the samples were mounted with the z-axis of GaN pointing perpendicular to the observation axis. This way, emission with both r-and p-polarization can be detected and can easily be separated using linear polarizers. The resulting r-and p-polarized emission spectra are shown in Fig. 1 and exhibit a total of six peaks, labeled peak 1-6. This observation is further evidence that we deal with more than one center configuration, because a single center can have, at most, five emission peaks for this transition. Two of the observed peaks (1, 2) are both p-and r-oriented with r/p ratio depending on growth conditions. Table I lists each peak with their respective emission photon energy and polarization character.
Overall, we find five peaks with p-polarized components, some of which increase or decrease relative to each other, depending upon growth conditions. The relative intensities of the p-components of peaks 1, 2, and 4 increase compared to peak 3 as the V/III ratio is increased. On the other hand, the relative intensity of peak 6 remains unchanged compared to peak 3. This suggests that peak 6 and peak 3 belong to the same configuration, while peak 4 belongs to a different configurations. Peaks 1 and 2 are combinations of different configurations, for which the relative numbers depend on growth conditions. More specifically, we assume that for peaks 1 and 2 the r-peaks from the C 1h configuration overlap with the dual polarization peaks of C 3v (i.e., peaks 1 and 2). This model is shown in Fig. 2 , which shows the C 3v and C 1h configurations and an assignment of the respective emission peaks.
B. Polarized Zeeman effect for majority site Eu1
The nature of the center and its geometry can be further elucidated using polarization dependent measurements of the emission spectra under application of a magnetic field. These magneto-optical studies were performed with the field applied both parallel and perpendicular to the c-axis. It is expected that two of the peaks will split for the C 3v configuration, for a field applied parallel to the c-axis. Indeed, we observe (see Fig. 3 ) a splitting of peaks 1 and 2, giving g-factors of 1.79 and 1.83, which have been reported earlier. 8, 9 Moreover, it does appear that peak 5 also splits. Again, this leads to a contradiction as long as just a single center is considered.
A different interpretation of the transitions is required which becomes clearer when field dependent Zeeman data for different field directions are evaluated. Although no splitting is expected for a single C 3v center when the magnetic field is applied perpendicular to the c-axis, we find that when the magnetic field is applied in this geometry, we observe, for r-polarized emission, the appearance of a peak corresponding to the strongest p transition, peak 3, as shown with a vertical line in Fig. 4 . This new emission peak increases in intensity and shifts as the magnetic field is ramped up. Upon overlapping the r-and p-emission spectra, it can be seen that the new peak sits directly on top of peak 3 (p-polarized), which can now be observed in the r-orientation. So we are dealing here not with a splitting of peaks but with the appearance of peaks that are forbidden without the presence of the field. Turning back to the parallel field geometry in Fig. 3 , we can explain the behavior of peak 5, in a similar way. We can see that peak 5 is not really splitting but rather shifts to lower energies while a new peak appears. The latter gains strength with increasing magnetic field. This is analogous to the behavior described above for peak 3. Indeed, we can see again that the new peak observed in r-polarized emission, coincides (for its zero-field limit) with the p-polarized peak 6. Hence, the effect that we observe for peak 5 is not a splitting, but the appearance of a p-polarized peak in the presence of the magnetic field. The behavior of peaks 3 and 5 suggests that the application of the magnetic field can alter the nature of certain electronic levels and cause them to lose their strict linear polarizations due to mixing of the crystal field quantum numbers from which they were derived. A similar phenomena has been observed in previous studies, which have shown that in polar GaN, strain-induced electric fields are able to couple and influence the magnetic states of a RE dopant. 28 The application of a parallel field introduces two new peaks from the Zeeman splitting of peaks 1 and 2. These add even more peaks to an emission spectrum which already contains too many for a single center. However, this can all be easily explained as the expected splitting of the two peaks for the C 3v symmetry center, which fits well into, and gives further evidence to the fact that for the Eu1, we are dealing with two centers that have different local symmetry. The g-factors reported earlier hence describe the g-factors of the splitting for the Eu levels of the C 3v symmetry center. Overall, all of the observed phenomena can be accounted for, assuming two centers and an assignment to the transitions indicated in Fig. 2 . The relative numbers for these configurations can be modified by growth conditions such as varying the V/III ratios and growth at different pressures.
IV. EXCITATION EFFICIENCY OF THE MAJORITY SITE (Eu1)
After clarifying the nature of the Eu1 majority center, we turn our focus to its excitation efficiency under above band gap excitation and explore the influence of growth parameters. In order to determine relative excitation efficiencies, the above bandgap intensities and relative center abundances were compared. In determining the latter, we make use of the phonon-assisted excitation, which yields the most reliable results in determining the relative percentages of each center. This is because, for this transition, the emission cross sections do not depend significantly on the degree of center perturbation. 17 The CEES maps for two samples, grown at different V/III ratios, are shown in Figs. 5(a) and 5(b). After analyzing these maps, it was determined that the relative percentage of Eu2 increases from % 2% to % 5%, and Eu1 decreases from % 90% to % 85%. Using these percentages, along with the Eu concentrations, determined by SIMS, the relative number of each center can be approximated. The above band gap spectra for the samples grown at different V/III ratios are shown in Fig. 6 . Despite the significant reduction of the Eu1 concentration for the sample with a higher V/III ratio, its integrated emission intensity is much higher than that of the lower V/III ratio sample. Thus, the excitation efficiency for the Eu1 center has increased.
Such a modification of excitation efficiency can be accounted for by a further perturbation of the Eu1 center, due to an additional defect. A natural candidate for this defect is a gallium vacancy (V Ga ) that could pair with the V N , inherent to the Eu1 structure, forming a donor-acceptor pair (DAP). DFT modeling of the V Ga -V N -RE complex reveals that such a configuration is favorable, particularly in an arrangement where the V Ga is at a distance from the Eu ion where the ions' position with respect to its nearest neighbors, and resulting emission spectrum, are barely modified. This is similar to Mg co-doping, where a Eu1-related center whose spectral features are identical to the "regular" Eu1, but with an enhanced excitation efficiency, is found. 20 Indeed, Chen et al. have previously predicted and detected this vacancy pair in GaN:Er, using positron annihilation spectroscopy, the concentration of which increases with increasing V/III ratio. 29 To help explain this, we further explore the effect of Mg co-doping and quantitatively compare the excitation efficiencies of the various Eu1-type centers. It is observed that while the Eu concentration is even lower in the Mg co-doped sample than in the high V/III ratio sample considered above, its integrated emission intensity is substantially greater. The number and excitation efficiency of the Mg-related Eu1 centers were determined following the same method as used for the V/III samples. In Fig. 7 , the relative excitation efficiencies and numbers of the various Eu1-type centers are compared for all three samples (Low V/III, High V/III, and Mg co-doped). Note: we cannot separate the efficient centers from the non-efficient ones, spectroscopically, for the variation of V/III ratio. Only the average efficiency from centers with and without a V Ga , are reported. Hence, the reported values only give the lower limit for the efficiency of the V Ga -V N -Eu complex. On the other hand, the ability to create the Mg-related Eu1 centers through laser or e-beam irradiation, allows us to determine the efficiency of these centers specifically. We conclude that for both V Ga -V N -Eu and the Mg Ga -V N -Eu complexes, the addition of a local acceptor, increases the excitation efficiency by at least an order of magnitude, as compared to the inefficient Eu1 centers, while the emission spectra are not affected. Translating this into device performance would require enrichment and stabilization of these center types. FIG. 4 . r-and p-oriented magneto-optical emission spectra for a magnetic field applied perpendicular to the c-axis. The dashed lines represent 0 T spectra. At 6 T, the high intensity p peak can be seen for the r-oriented emission indicating that the transition polarizations have mixed.
V. IDENTIFICATION OF THE MINORITY SITE (Eu2) STRUCTURE
We turn our attention now to the nature of the Eu2 minority center that, despite its low number, dominates the emission spectrum under above bandgap excitation. Starting again with the polarization dependent emission spectra, under resonant excitation, we find that Eu2 displays one main peak that has both p and r components, of equal magnitude [ Fig. 8 ]. This is consistent with a single center with very high C 3v symmetry. In contrast to the behavior of the Eu1 center, the number of Eu2 centers increases as the V/III ratio increases, along with the number of available V Ga . On the other hand, the excitation efficiencies are practically unchanged, confirming that the excitation pathway from the host to the center complexes remains the same, and that the change in excitation efficiency, observed for Eu1, is a result of a modification of the center complex itself. In contrast to the Eu1-type center, such a change is absent for the Eu2 center. The increase in the number of Eu2-type centers as a higher number of V Ga becomes available, indicates that in case of the Eu2, a Eu ion is associated with a V Ga . However, the V Ga defect must be at a distance to the Eu ion such that the symmetry properties still essentially reflect C 3v behavior. This assumption is further affirmed by experimental results and theoretical predictions for un-doped GaN. It was proposed that the yellow emission in such samples can be attributed to a V Ga , where a V Ga acts as an acceptor and is also quite efficient at capturing the energy from EHP. [30] [31] [32] Moreover, a V Ga is also very likely to pair with an oxygen donor that takes the place of a nitrogen (V Ga -O), which can also produce yellow luminescence. 31, 33, 34 As to the energetic favorability and location of the V Ga relative to the Eu ion, previous theoretical studies have predicted that a V Ga can pair with a RE, but have determined that it will be spatially much further away than a V N . 20, 25 At this distance, a V Ga or V Ga -O would not effectively perturb the Eu but could easily transfer electron hole recombination energy to the Eu ion. Using positron annihilation spectroscopy, Saarinen et al. detected an increase in the V Ga concentration, under increase of the V/III ratio. 35 The presence of V Ga for Eu2 is further confirmed under variation of Mg co-doping. For high Mg concentrations, and resulting high p-type conductivity, a decrease in the formation of V Ga is expected. 36, 37 CEES maps of samples with low Mg and very high Mg concentrations are shown in Figs. 9(a) and 9(b), respectively, and indeed we find that the peak corresponding to Eu2 is completely absent in the highly Mg doped sample. Taking into consideration all of these observations, we conclude that the Eu2 center is a Eu ion on Ga-site that has of a V Ga in its vicinity. However, the most stable complex configuration is one in which his V Ga is at a far enough distance such that the spectroscopic properties are not perturbed in the first order.
This assignment only leaves us with the unresolved observation that the excitation efficiency of the Eu2 ion can vary as well, in particular, when samples grown by different methods (OMVPE vs molecular beam epitaxy) are compared. While a V Ga has been predicted to be effective at capturing EHP, leading to yellow luminescence, its ability to transfer the energy can be enhanced by another defect. We suspect that, analogous to the Eu1-type center, the formation of a DAP may be advantage. A probable candidate for a donor is oxygen, which has already been proposed to pair with V Ga in GaN. 33 The Eu source used for the growth of our samples is Eu(DPM)3, which contains oxygen in its structure, and introduces a considerable concentration of oxygen during growth, which could result in the formation of V Ga -O defect complexes which couple to some of the Eu ions. SIMS measurements performed on the samples grown with this Eu source have revealed that the O-concentration is %2.6 Â 10 20 cm
À3
. Thus, the oxygen concentration present in samples grown using this source is an order of magnitude larger than the Eu concentration. It is therefore very likely that all Eu2 can form with a V Ga -O pair, in these samples. Unfortunately, our technique cannot distinguish if all Eu2-type centers have a V Ga or a V Ga -O complex associated with them, since these defect complexes are not predicted to perturb the Eu ions. However, when the V/III ratio is 6400, in GaN, the V Ga concentration is roughly an order of magnitude lower than the Eu concentration in GaN:Eu. 35 Since, for these samples, we believe that between 5 and 10% of the Eu ions (taking in account both a small fraction of the Eu1 and the Eu2 minority site) will pair with a V Ga , the assignment seems statistically reasonable.
VI. SUMMARY AND CONCLUSIONS
We have provided strong experimental evidence that the majority site, Eu1, contains a V N , which can have a C 3v or C 1h symmetry depending on the location of the V N . These configurations explain the complicated optical and magneto-optical spectra with which it is associated. For Eu2 minority site, our results suggest that this center is associated with a V Ga , which sits at a distance far enough as to not perturb the Eu ion. We demonstrate that the Eu1 center can further by modified, to enhance its excitation efficiency, either by the addition of a distant V Ga or Mg acceptor. While for the Eu1 center the V Ga will most likely pair with a V N donor, for the Eu2 centers, we propose that it can pair with an oxygen donor. Both of these couplings constitute a DAP, which facilitates efficient energy transfer. These conclusions, in terms of center configurations and excitation efficiencies, are summarized in Fig. 10 .
Our studies demonstrate that the critical improvement of excitation efficiency can be achieved, not only by forming new defect center types but also by modify the existing centers. In other words, the excitation efficiency can be improved by bringing the proper defects right next the Eu ion but also by having them at some distance. The latter increases the number of possible configurations, and hence the statistics for forming centers with favorable excitation behavior. Formation of such configurations can be achieved by co-doping and/or variation of the growth parameters. While the full parameter space has not yet been explored, and hence further improvements can be expected, it is apparent already that there are also limits in terms of the variations that can be done to maintain crystal quality and limit the number of non-radiative channels.
In conclusion, we have presented strong evidence that the defect mechanism responsible for the excitation efficiency of the iso-electric Eu ions in GaN, is a localized donoracceptor pair. The constituents of the DAP, and its distance from the Eu ion, can play a large role in the strength of the energy transfer, and its influence on the spectroscopic properties of the ion. For the continuing progress of GaN:Eu in red LED applications, further manipulation and study of these complexes are necessary in order to determine the conditions that favor their formation, while maintaining crystal quality.
